We extend the dual sourcing model based on the newsvendor framework by considering the environmental impact of transport. In our context, dual sourcing means that a company, e.g. a retailer, uses an offshore and an onshore supplier. We include environmental regulations for transport in the model. Firstly, emission taxes for the transport from the offshore source are considered. It can be shown that with increasing emissions taxes the company sources less from offshore. This improves the environmental performance but the economic performance (expected profit) is severely harmed. Secondly, we propose that an emission trading scheme is valid for transport activities. In this case, the optimal policy turns out to be a two-sided control-limit policy. If the emission limit (expressed in product units) is set to the minimal offshore order quantity the environmental impact of transport can be reduced while the economic performance is nearly not affected. Thus, from managerial perspective emission trading is preferred to an emission tax on transport. Also from the perspective of policy-making emission trading is reasonable as it helps to limit the negative environmental impact of transport but does not strongly reduce the competitiveness of individual companies.
Introduction
Supply chains consist of all processes which are needed in order to supply customers with the required products. These are, for instance, production, sourcing, transport or warehousing processes. Traditionally, supply chain management decisions are based on the economic performance of the involved parties which can be expressed by (non-)financial measures, like profit or total landed costs and customer service (see, e.g., Chopra and Meindl, 2010; van Mieghem, 2008) . Based on the economic performance measures different supply chain strategies, like outsourcing, offshoring or centralization of production and warehousing facilities turned out to be advantageous in certain industries. But in recent years, other criteria, such as quality, flexibility or environmental issues, have become important as well (Ferreira and Prokopets, 2009) . Especially carbon emissions related to the activities of companies are high on the political agenda because they are considered to be a major cause of the greenhouse gas effect (IPCC, 2007) . Based on this, regulations concerning carbon emissions of companies' activities have been introduced. One example is the EU Emissions Trading Scheme (ETS) which restricts the carbon emissions of energy-intensive industries within the European Union (European Community, 2005) . Beside these industries, which account for approximately half of the carbon emissions, transport is the second largest polluter (Eurostat, 2009) . The reduction of carbon emissions from transport are a major issue in the European Union as they are the only ones which have significantly grown between 1990 and 2006 (+26%). Carbon emissions from international aviation and navigation have witnessed an even stronger increase of 102% and 60%, respectively, between 1990 102% and 60%, respectively, between and 2007 102% and 60%, respectively, between (EEA, 2008 102% and 60%, respectively, between , 2009 . Therefore, also stricter regulations with respect to carbon emissions of transport are expected to be implemented. For instance, based on an EU directive agreed in 2008 (European Community, 2008) aviation will be included in the EU ETS by 2012. Alternatively, within the EU authorities it is discussed that a transport carbon emission tax or charge could be introduced to make companies pay a part of the external costs of transport.
Mainly stricter regulations and increasing customer awareness with respect to the environment encourage companies to reconsider their supply chain strategies by incorporating the environmental dimension in decision-making (Walker et al., 2008) . Companies will have to search for strategies that are at the same time cost-efficient, provide the required customer service and have a low negative impact on the environment. In this respect, we evaluate one possible strategy, namely dual sourcing relying on an offshore and an onshore supplier. The offshore supplier is cheap but far away from the market. It has a long lead time and is therefore slow and inflexible. The onshore supplier is close to the market and flexible. It can deliver on short notice but is expensive. Past work has already shown that dual sourcing -instead of single offshore sourcing -can help companies to improve the performance with respect to profit and customer service (see, for instance, Warburton and Stratton, 2005; Cachon and Terwiesch, 2009 ). We consider, in addition to the economic performance measures, also the environmental impact of dual sourcing. We analyse a dual sourcing model based on the newsvendor framework and incorporate environmental aspects, i.e. carbon emissions of transport, into the decision of how much to order from the offshore supplier. A very interesting question in this respect is whether economic and environmental criteria contradict each other. In other words, is there a trade-off between economic and environmental performance of supply chains? Furthermore, we evaluate the effect of regulations on the decision-making of individual companies. In the first step, we analyse the effect of a linear carbon emission tax on transport and in the second step, we propose that an emission trading scheme for the transport sector is implemented. We analyse how the optimal ordering decision and the profitability of the company are influenced by including the additional parameters. Furthermore, we have a closer look at the development of the related transport carbon emissions. Based on the analytical models and the numerical results including sensitivity analyses, we derive implications for management and policy-making.
The paper is structured as follows. In Section 2 the literature related to our work is presented. In Section 3 we introduce the transport-focused dual sourcing framework which describes the general setting. In addition, we outline the basic dual sourcing model and discuss its relation to transport carbon emissions. In Section 4 we extend the basic dual sourcing model by including regulations concerning transport carbon emissions. Using the analytical results we investigate in Section 5 numerically for which values of the policy parameters the economic performance is not negatively affected. In Section 6 we derive implications for management and policy-making. Section 7 summarizes the main findings of our work and points out further research opportunities.
Literature review and related work
In this paper we integrate two streams of research. We deal, on the one hand, with supply chain management with a focus on dual sourcing based on the newsvendor framework. On the other hand, our work is related to the environmental performance of supply chains and the impact of environmental regulations on the decision-making of individual companies.
The decision of how much inventory to hold and how much to order from a certain source is very important with respect to traditional performance measures, such as expected profit and customer service. Therefore, inventory management is an essential building block of operations management and supply chain management. An overview of inventory models can be found in various operations and supply chain management textbooks, like Cachon and Terwiesch (2009) , Chopra and Meindl (2010) , Nahmias (2009) or Silver et al. (1998) . A basic classification can be made between deterministic and stochastic models, single-and multi-period models as well as with respect to the number of suppliers. The focus of our work is on the single-period, stochastic inventory model, also known as the newsvendor or newsboy model. The term single-period refers to the fact that the ordering decision has to be taken before the selling season when demand is still unknown; the products which remain unsold after the selling season are of no or only little value. A review of the single-period model and its extensions can be found in Khouja (1999) . Specifically, we consider the newsvendor model with two ordering possibilities which is usually called dual sourcing model. In this respect, dual sourcing means that the company relies on two supply sources. These two supply sources need not be two distinct entities; it can be the same supplier with two delivery options. However, in general, the first supply source is the cost-efficient, inflexible supply source. The second supply source is flexible and can deliver on short notice. But for this flexibility a premium has to be paid. Furthermore, the two suppliers may have different lead times due to their remoteness or proximity to the market. Warburton and Stratton (2005) present a dual sourcing model with an offshore and an onshore source based on the newsvendor model. In line with Gallego and Moon (1993) and Khouja (1996) , they show that dual sourcing can help to improve expected profit and customer service level compared to single (offshore) sourcing, i.e. the classical newsvendor model with a single ordering opportunity. A similar approach can be found in Cachon and Terwiesch (2009) whereby they call the strategy quick response with reactive capacity. They assume that the second order can be placed at the same supplier which charges a premium for the fast delivery.
Concerning the second stream of literature, the work of Bloemhof-Ruwaard et al. (1995) is one of the first reviews about how operations research and environmental management (might) interact. Another literature review is provided by Srivastava (2007) who defines green supply chain management as " [...] integrating environmental thinking into supply-chain management, including product design, material sourcing and selection, manufacturing processes, delivery of the final product to the customer as well as end-of-life management of the product after its useful life." A topic which is very often covered in this field is the recovery of used products, i.e. reverse logistics (see, e.g., Dyckhoff et al., 2004; Fleischmann et al., 1997) , and the design and management of closed-loop supply chains which are supply chains taking care of items once they are no longer needed or used (Flapper et al., 2005) . In this respect, it is usually assumed that by "closing the loop" a positive environmental performance is achieved. Less work has been done with respect to the environmental impact of forward supply chain and how to integrate environmental issues or regulations into decision-making. With our work we want to contribute to this field of research.
Generally, the environmental dimension can be integrated into decision-making in different ways, by monetarisation in the form of environmental costs, as constraint(s) or by an additional objective function and relying on multi-objective optimization. In the field of production planning, Letmathe and Balakrishnan (2005) formulate two models where the environment is explicitly considered in the decision of how much to produce in a certain period. They pay special attention to the emissions produced during the production process and they consider regulations concerning emissions (taxes, thresholds and emission trading) in the decision. Radulescu et al. (2009) formulate a multi-objective program for production processes in which they integrate (pollution) emissions. They consider two objectives, i.e. minimize pollution risk and maximize expected return. Subramanian et al. (2010) develop a non-linear mathematical programming model for engine manufacturing and remanufacturing. The objective function is profit maximization and the environmental dimension is included on the different stages, i.e. product design, production and recovery. They consider emission limits and the selling and buying of emission allowances for the (re)manufacturing processes. In the field of transport, Hoen et al. (2012) deal with the problem of transport mode choice and focus on how to derive emission factors per product unit for the different modes.
In the field of inventory management, Benjaafar et al. (2010) and Hua et al. (2011) extend deterministic, multi-period inventory models by also accounting for the emissions produced in transport and storage and by integrating environmental regulations. Both point out that in this new and emerging field of research it is important to start with simple models to analyse the new tradeoffs which arise when environmental criteria are considered. Chen et al. (2011) enriches the work of Benjaafar et al. (2010) by providing analytical support for the numerical observations with the help of the EOQ model. In addition, they discuss an environmentally extended newsvendor model with two objective functions, i.e. the total expected cost and the total expected emissions. The general importance of extending classical models to also account for the environmental impacts is underlined by Bonney and Jaber (2011) . A recent work investigating the classical single-period (newsvendor) problem under carbon emission policies is provided by Song and Leng (2012) . They analyse the impact of a strict carbon cap, a carbon emission tax and a cap-and-trade system on the firm's optimal decision showing that the parameters of the regulations should vary depending on the profit margin of the respective company. In contrast to their work, we analyse a stochastic, single-period dual sourcing model with respect to economic and environmental performance and we consider environmental regulations concerning transport carbon emissions.
3 The dual sourcing newsvendor: A transport-focused framework Firstly, we outline the basic dual sourcing model based on the newsvendor framework. Secondly, we point out the relation of dual sourcing and transport and relate the company's decision to environmental regulations concerning transport carbon emissions. Furthermore, we develop the transportfocused dual sourcing framework with an offshore and an onshore supplier which summarizes the general setting.
Basic dual sourcing newsvendor model
As starting point for our analysis we use the dual sourcing model proposed by Warburton and Stratton (2005) . In the classical newsvendor model, it is assumed that the company, e.g. a retailer, has to order before the start of the selling season and no additional orders are possible. As an extension to the classical newsvendor model, it is assumed that in addition to the order before the selling season the company can receive supplementary units of the product during the selling season from a second supply source. We assume that the company relies on a cheap but slow and inflexible supply source as well as on an expensive but fast and flexible supply source. According to Warburton and Stratton (2005) , the first supply source is located in a low-cost country, like China, which is far away from the market and has a long lead time. This supply source is called the offshore supplier. Because of the long procurement lead time for delivering the products from the offshore supplier to the market products from this source can be ordered only once before the selling season when demand is still random. The second supply source is located close to the market and is denoted as the onshore supplier. The onshore supplier can react immediately to changes in demand and is assumed to have unlimited capacity. The onshore supplier is used as backup in order to fulfil any demand which can not be satisfied by the order quantity from the offshore supplier. It can also be considered as a manufacturing facility owned by the company which carries out make-to-order production (see, e.g., Chung et al., 2008) . Note that the decision of how much to order from the offshore supplier has to be taken under demand uncertainty while the products from the onshore supplier are procured after demand has been realized, i.e. this decision is taken under certainty. Such a strategy is especially suitable in the apparel, fashion and sporting goods industry, as pointed out by Warburton and Stratton (2005) , Cachon and Terwiesch (2009) and Chopra and Meindl (2010) with industry examples.
An overview of the different stages in the supply chain is given in Figure 1 . The products are sold to the market for the selling price per unit p. On the procurement side, the purchase price per unit differs between the two suppliers. The purchase price per unit from the offshore supplier is the product price per unit c; the purchase price per unit from the onshore supplier is obtained by adding a domestic premium per unit d to the product price per unit c. This premium is mainly due to higher labour costs which have to be paid in the onshore production facility and also reflects the flexibility provided by the onshore supplier. Any leftover inventory which results from the offshore order quantity can be sold at the end of the season for a salvage value per unit z which also captures inventory holding costs. To avoid trivial situations, we assume p > c > z. The notation for the basic dual sourcing model is summarized in Table 1 . Then, the company's profit P depends on the offshore order quantity q and on the realized demand x: inverse of demand distribution function P (q, x) profit depending on offshore order quantity q and realized demand x P (q) expected profit depending on offshore order quantity q E() expected value
For x ≤ q, only the offshore supplier is used to fulfil demand and any leftover inventory can be salvaged for the value z. For x > q, additional units are procured from the onshore supplier in order to satisfy all demand. The expected profit depending on the offshore order quantity q is given by:
whereby X is the random demand, E() represents the expected value and (x) + is max(x, 0). The expected profit consists of the revenue generated by the selling of the products for p per unit during the season and for z per unit after the season less the cost for ordering from the offshore supplier for c per unit and the onshore supplier for (c + d) per unit. As shown in Khouja (1996 Khouja ( , 1999 ) P (q) is a concave function. By maximizing the expected profit, the optimal offshore order quantity for the risk-neutral decision maker is given by (see, for instance, Warburton and Stratton, 2005; Cachon and Terwiesch, 2009 ):
F −1 represents the inverse of the demand distribution function. The expression in the brackets is known as the critical fractile or critical ratio which represents the probability that the realized demand is lower than or equal to the order quantity, i.e. cycle service level. No fixed ordering costs are considered in this model because it is assumed that the ordering has to take place anyway. The offshore order quantity decisively depends on the cost of overstocking and the cost of understocking. The cost of overstocking arises when a unit remains unsold in stock, i.e. (c − z). The cost of understocking per unit, which arises when too few units have been ordered from the offshore supplier, equals to the domestic premium d. By ordering the profit-maximizing offshore order quantity q * , the expected mismatch costs, i.e. the sum of the expected costs of overstocking and understocking, which are due to a misalignment of demand and supply, are minimized (Cachon and Terwiesch, 2009) . As long as the domestic premium d is smaller than the contribution margin per unit (p − c) the onshore supplier is used to some extent. If d > (p − c) demand is exclusively satisfied from the offshore supplier. Generally, the offshore order quantity in the dual sourcing model is smaller than in the model with a single order opportunity (see, for instance, Gallego and Moon, 1993; Khouja, 1996; Warburton and Stratton, 2005; Cachon and Terwiesch, 2009) , which is in our case single offshore sourcing. The onshore order quantity then is used to fulfil any demand that can not be satisfied by the offshore order quantity. However, when taking the offshore ordering decision before the selling season the decision maker considers the expected onshore order quantity q on . It equals to the expected lost sales in the newsvendor model, i.e. the expected number of units which exceeds the offshore order quantity and is given by:
The dual sourcing strategy outperforms a single offshore sourcing strategy with respect to expected profit. In various works it is shown that using dual sourcing instead of single sourcing leads to an increase of the expected profit. Furthermore, a higher cycle service level can be achieved. The offshore order quantity in the dual sourcing model is generally smaller than in the classical newsvendor model as some part of demand is satisfied by the onshore supplier. It is intuitive that the offshore order quantity as well as the increase in profitability highly depend on the domestic premium and the demand uncertainty. On the one hand, a higher domestic premium leads to a higher offshore order quantity as the cost advantage outweighs the uncertainty under which the decision has to be taken. On the other hand, the higher the demand uncertainty the more the company is willing to rely on the onshore supplier thereby reducing the risk of overstocking (see, for instance, Warburton and Stratton, 2005; Cachon and Terwiesch, 2009 ).
Dual sourcing and transport carbon emissions
Due to the fact that the first supplier is located in an offshore country a long transport distance has to be overcome in order to bring the products to the market. We assume that the products are delivered to a distribution centre from which then the market is supplied. The long transport distance results in high transport activity and high carbon emissions from transport. The transport from offshore locations, in general, is carried out by sea or by air whereby the latter is considered as being much more environmentally unfriendly. In contrast to this, it is assumed that there is (nearly) no transport needed to deliver the products from the onshore supplier to the market. This assumption is reasonable when the onshore supplier is close to the distribution centre to which also the offshore order quantity is delivered or when the company uses its own production site with an associated distribution centre as second supply source.
In order to illustrate the different environmental impact of transport from the two suppliers we exemplarily compare the CO 2 e (equivalent) emissions from transport with the help of a carbon emission calculation tool for transport called EcoTransIT (EcoTransIT, 2010) . The transport from Beijing (China) to Vienna (Austria) via ocean shipping as main transport mode is compared to the transport from Bratislava (Slovakia) to Vienna (Austria) by truck. The calculation is done for one ton of an average product as defined in the calculation tool. The transport from the offshore supplier results in CO 2 e emissions of 129 kg; the transport from the onshore supplier produces considerably lower emissions and results in only 5.8 kg CO 2 e. This clearly shows the negative environmental impact of offshore sourcing if only carbon emissions from transport are considered. The difference is even greater when air transport is used instead of ocean shipping. Then, the air transport from the offshore location would result in 5444 kg CO 2 e for one ton of the transported goods.
In our framework, we do not explicitly consider the production processes of the two suppliers and thereby assume that the same amount of emissions stems from the two production processes. Even though this is a limiting assumption, it allows us to investigate the impact of the sourcing strategy on the transport carbon emissions within the supply chain.
In the following we consider regulations concerning emissions produced by the transport from the offshore supplier to the market. Table 2 gives an overview of the transport-focused dual sourcing framework. External conditions, which are in our case environmental regulations for transport, impose restrictions on companies and therefore influence the policies they choose. Two possible environmental regulations are examined in more detail in our work. First, a linear transport emission tax is imposed on each unit ordered from the offshore supplier. Second, the implementation of an emission trading scheme for transport which would be valid on a global scale is investigated. The company has to decide before the selling season how much to order from the offshore supplier and the offshore order quantity is directly related to the transport carbon emissions. Therefore, the offshore ordering decision is influenced by the environmental regulations; it determines which amount of emission tax has to be paid or how many emission allowances are needed. As already stated, the (offshore) order quantity with a single order opportunity is larger than the offshore order quantity with a dual sourcing strategy. Due to the fact that the offshore order quantity is directly related to the transport carbon emissions it can be concluded that by using a dual sourcing strategy instead of single offshore sourcing the transport carbon emissions can be reduced while improving the economic performance.
In order to be able to model the different environmental regulations, the emission tax, the emission prices and the emission limit, i.e. the number of emission allowances allocated to a certain company, have to be related to product units. Hoen et al. (2012) show how to derive emission factors of different transport modes and how to allocate the emission factors of a vehicle to one product unit which is transported. By analogy with their idea we assume that the policy instruments are broken down to company level and related to one unit of the product.
In general, an emission tax is given as monetary unit per ton of CO 2 e and it is fixed by policy-making. For our purpose, then, the emission tax per product unit depends on the carbon emission produced by the transport of a product unit from the offshore supplier. The transport carbon emissions mainly depend on the parameters transport mode and vehicle type used, distance travelled, load factor and type of product (volume and weight). The distance and the transport mode are determined by the location of the offshore supplier. Assuming that the transport is carried out by a logistics service provider average values can be taken for the other parameters and an average transport carbon emission factor (CO 2 e tons per product unit) can be derived. By multiplying the transport emission tax per CO 2 e ton with the average transport carbon emission factor the emission tax per product unit can be derived. This idea is related to an import tax based on the carbon content of products as proposed by Huebler (2009) .
The average transport carbon emission factor is also necessary for operationalizing an emission trading scheme. Under an emission trading scheme the company receives a certain number of allowances free of charge which are then used to cover the carbon emissions produced by the company's activities. In general, an emission allowance certifies the right to emit one ton of CO 2 e. Additional emission allowances have to be bought if more emissions are produced than covered by the allowances or remaining emission allowances can be sold (OECD, 2001) . We assume that the authorities allocate the emission allowances to the company which takes the ordering decision. The company then has to provide the necessary emission allowances to the logistics service provider to cover the transport carbon emissions produced. In order to be able to directly relate the order quantity and the emission limit to each other the emission limit has to be translated into product units. This can again be done with the help of the average transport carbon emission factor per product unit. According to Raux (2010) emission trading could be particularly appropriate for the transport sector because the agents in the transport sector are more sensitive to quantitative regulations than price signals, such as an emission tax.
Environmental extensions of the dual sourcing newsvendor model
Based on the framework developed in Section 3, we now present the extensions of the dual sourcing newsvendor model with respect to environmental regulations. Table 3 summarizes the additional notation for the models. Table 3 : Additional notation for the extensions of the basic dual sourcing newsvendor model t emission tax per unit ordered from the offshore supplier L emission limit expressed in product units b buying price of emission allowance for one product unit s selling price of emission allowance for one product unit Pt(q) expected profit including emission tax t P b (q) expected profit including costs of buying emission allowances Ps(q) expected profit including revenue of selling emission allowances PL(q) expected profit with emission trading q t optimal offshore order quantity with emission tax t q
optimal offshore order quantity with emission trading
The dual sourcing newsvendor with a transport emission tax
In the first step, the basic model is extended by including a linear transport emission tax which has to be paid for each unit ordered from the offshore supplier. It is assumed that no transport emission taxes arise for the onshore supplier. A related framework and model including emission costs can be found in Rosič et al. (2009) .
The transport emission tax per product unit is denoted by t. The additional cost has to be included in the objective function of the company, i.e. the expected profit. The offshore supplier is only used if it is overall cheaper than the onshore supplier which is the case as long as t < d. As soon as t ≥ d the product is exclusively procured from the onshore supplier on demand. The optimal offshore ordering decision can again be derived by maximizing the expected profit which now also includes the emission tax t. The optimal offshore order quantity is given by:
The offshore order quantity q t depends on the relative cost advantage that can be achieved by offshore sourcing. With increasing emission tax t the company sources less from the offshore supplier as the cost advantage is reduced. The (expected) total order quantity also decreases as t increases. This is due to the following relation:
The left hand side of (6) is the expected total order quantity, i.e. the sum of the offshore order quantity q t and the expected onshore order quantity q on . The total order quantity is either used to fulfil the demand or results in leftover inventory. Due to the fact that the decision of how much to order from the onshore supplier is taken under demand certainty no leftovers result from that decision. Leftover inventory only results from the offshore ordering decision. So with increasing t the offshore order quantity and the expected leftover inventory E((q − X) + ) decrease and overall, the total order quantity converges to the expected demand E(X).
Comparing (3) and (5) it is evident that the offshore order quantity with an emission tax t > 0 is smaller than the offshore order quantity without emission tax, i.e. q t < q * . Due to this fact, also the transport activity from the offshore supplier and the transport emissions are reduced. This helps to improve the environmental performance of the company. But as a negative side-effect the expected profit is reduced due to the additional costs and the economic performance of the company is harmed.
The dual sourcing newsvendor with emission trading for transport
In the second step, we include emission trading for transport in the basic model. The company receives a certain number of emission allowances free of charge. Therefore, in contrast to the previous model, transport emission costs do not arise for each unit ordered from the offshore supplier, but only if a certain threshold is exceeded. When the offshore order quantity q exceeds the emission limit L, which is expressed in units of the product, the company has to acquire extra emission allowances at the emission buying price per unit b. In the opposite case, when q < L the company is able to sell the remaining unused emission allowances at the emission selling price per unit s. According to Letmathe and Balakrishnan (2005) and Song and Leng (2012) it is assumed that b ≥ s. Also Gong and Zhou (2011) assume that the buying price is higher than the selling price of the allowance due to bid-ask price spreads and transaction costs. In addition to that, we make the following assumptions for the emission trading scheme for transport. Firstly, as already stated, the emission limit L is expressed in units of the product and an allowance is used to cover the emissions produced by the transport of one product unit from the offshore supplier to the market. Secondly, the prices for emission allowances are exogenously fixed. Actually, they are fixed on the market and depend on the scarcity of emission allowances which is mainly determined by the overall emission limit imposed by the authorities. Therefore, the prices of emission allowances could be modelled as a decreasing function of the emission limit, as mentioned by Hua et al. (2011) , but this is beyond the scope of our work. Thirdly, we assume that the company's number of emission allowances to be sold/bought is rather small compared to the whole market volume for emission allowances. So the company can buy and sell any quantity of emission allowances.
Considering emission trading for transport, the expected profit of the company is derived as follows. The expected profit of the company is composed of the base profit P (q) given by (2) which is the expected profit of the dual sourcing model without environmental regulations. Depending on the relation between q and L, revenue for the selling of emission allowances is added or the cost for buying additional emission allowances is deducted. The expected profit for the emission limit L > 0 and offshore order quantity q is then given by:
with
As long as the order quantity q is below or equal to the emission limit L the profit P s (q) is generated which consists of the base profit and the revenue from the selling of unused emission allowances. When more units are ordered from the offshore supplier than covered by the emission limit L, additional allowances have to be bought which reduces the base profit to P b (q).
As the expected profit P (q) is a concave function this property obviously carries over to P s (q) and P b (q). Because of b ≥ s the following inequalities hold:
Therefore, according to (7), the expected profit P L (q) can be written in the following way:
Consequently, P L (q) is a concave function as the minimum of concave functions is again concave (see, e.g., Rockafellar, 1997, Theorem 5.5.) .
To derive the optimal offshore order quantity q L , we define q b = argmax P b (q) and q s = argmax P s (q) with
and
Note that q b and q s are derived like the optimal order quantity in the classical newsvendor model. Due to the fact that the selling price s is smaller than or equal to the buying price b the quantity q s is always larger than or equal to q b , i.e. q s ≥ q b . Note that q b and q s do not depend on the emission limit L. Therefore, q L can be characterized in dependence of L.
If
Summarizing, for an emission limit L > 0 the optimal offshore order quantity q L is a two-sided control-limit policy given by:
Thus, the optimal offshore order quantity q L given by (16) crucially depends on the relation between the lower control limit q b , the upper control limit q s and the emission limit L. For L < q b ≤ q s , it is better for the enterprise to buy some extra allowances than to order more from the onshore supplier. For L > q s ≥ q b , it is better to generate revenue through the selling of allowances and rely to a larger extent on the onshore supplier than sourcing more units from the offshore supplier and risking leftover inventory. For q b ≤ L ≤ q s , it is not reasonable for the company to either sell or buy emission allowances.
The difference between the upper and lower control limit depends on the values of the emission buying and selling price. If there is no difference between the buying and selling price of emission allowances, i.e. b = s, the impact of emission trading on the company's ordering decision is similar to an emission tax as concluded in, for instance, Letmathe and Balakrishnan (2005) and Benjaafar et al. (2010) . If b = s, then by (15) the company orders q L = q b = q s . But it has to be kept in mind that the level of the emission limit has a decisive impact on the economic performance of the company.
The previously presented models are special cases of the model including emission trading. The basic dual sourcing model without environmental regulations is represented by setting s = 0 and b = 0. The dual sourcing model with a linear transport emission tax corresponds to the extended model with L = 0 and t = b.
From the optimal ordering policy (16) we immediately see that irrespective of L, b and s the offshore order quantity with emission trading q L is smaller than the offshore order quantity q * given by (3). On the one hand, for any emission limit L the offshore order quantity is not larger than q s , i.e. q s is the maximal offshore order quantity. An emission limit L > q s allows the company to generate additional revenue without having to improve its environmental performance. On the other hand, for any emission limit L the offshore order quantity is not smaller than q b , i.e. q b is the minimal offshore order quantity. An emission limit L < q b would not help to reduce transport carbon emissions but would only lower the economic performance and competitiveness of the company. For environmental policy-making it is, thus, reasonable to set the emission limit L to the minimal offshore order quantity, i.e. L = q b . Specifying L > q b , the transport carbon emissions are higher whereas L < q b leads to lower expected profit for the company because P L (q) is increasing in the emission limit L. These effects are further explored in the following numerical analyses.
Numerical analyses
In order to gain more insights into the basic dual sourcing newsvendor model and its extensions we perform numerical analyses with the cost and price parameters shown in Table 4 . Demand is assumed to be normally distributed with the parameters listed in Table 5 . Different values for the standard deviation are taken in order to show the effect of increased demand variability. The demand distribution with σ 1 which is a very low value should be considered as extreme scenario. This helps to underline that in the case of low demand variability the value of dual sourcing is limited; this holds true for the basic model as well as for its extensions. We compute the results for the basic dual sourcing model and its extensions based on the formulas in Sections 3 and 4 and perform sensitivity analyses in order to derive further implications for management and policy-making. The calculations are done with the help of MS Excel and the necessary functions for the spreadsheet calculations can be found in Chopra and Meindl (2010, pp. 349) . It is intuitive that by switching from single offshore sourcing to dual sourcing the quantity ordered from the offshore supplier is reduced. The retailer to some extent relies on the onshore supplier for fulfilling demand. The total order quantity with dual sourcing, i.e. the sum of offshore and onshore order quantity, is lower than the order quantity with a single offshore sourcing strategy. The expected profit is higher with dual sourcing than with single offshore sourcing, whereby the value of dual sourcing increases with demand variability. By comparing the two strategies, it can be seen that simply by using dual sourcing instead of single offshore sourcing the offshore order quantity is reduced and thereby a positive result for the environment is achieved without imposing any environmental regulation.
Dual sourcing with a transport emission tax
In order to derive the numerical results for the dual sourcing model with a linear emission tax on transport from the offshore order quantity, we include an emission tax t = 1.5. It is intuitive that by introducing an emission tax the cost advantage of the offshore supplier is narrowed and therefore, the offshore order quantity and the related transport activity are reduced. Furthermore, the expected profit is lower than in the basic dual sourcing model. The numerical results for the model with a linear emission tax in comparison to the basic dual sourcing model are shown in Table 6 .
For products with low demand variability, the expected profit is strongly reduced by the introduction of the transport emission tax while the offshore order quantity and the related transport carbon emissions are rather insensitive. The opposite holds true for products with a higher demand variability. With an emission tax t = 1.5, the transport carbon emissions are reduced by 4.6%, 14.8% and 26.2% while the expected profit is reduced by 14.5%, 13.3% and 12.2% for σ 1 , σ 2 and σ 3 , respectively. In order to show the impact of an increasing transport emission tax on the optimal decision the emission tax t is varied in the range 0 ≤ t < d. Figures 2(a) , 2(b) and 2(c) show the results depending on the emission tax t for the three demand scenarios. It is shown that with increasing emission tax t the offshore order quantity decreases and the onshore order quantity increases. As a result, the total order quantity converges to the mean demand, see also (6). First, the offshore order quantity decreases nearly linearly; as t is close to d it decreases more rapidly. The expected profit also decreases nearly linearly with increasing emission tax.
In addition, it can be of interest to compare the dual sourcing model with transport emission tax and the single offshore sourcing model. When assuming an emission tax t = 1.5 in the dual sourcing model the expected profit is even lower than in the case of single offshore sourcing. The expected profit is reduced by 13.1%, 9.0% and 4.4% for σ 1 , σ 2 and σ 3 , respectively, compared to single offshore sourcing. Even though the economic performance of the company is even reduced below the level of single offshoring it has to be pointed out that the impact on the environmental performance is very positive. The offshore order quantity and the related transport carbon emissions are reduced drastically by 9.3%, 26.8% and 42.8% for σ 1 , σ 2 and σ 3 , respectively.
Dual sourcing with emission trading for transport
In the dual sourcing model including emission trading first the lower and upper control limits are computed depending on the demand distribution, the cost and price parameters as well as the emission buying price b = 1.5 and the emission selling price s = 1.2. The values of the emission prices are in accordance with the related literature where the buying price is assumed to be 25% higher than the selling price (Letmathe and Balakrishnan, 2005; Song and Leng, 2012) . The results are summarized in Table 7 . It has to be noted that the control limits can be computed independently of the emission limit L. But the value of the emission limit L has a decisive impact on the optimal decision and the corresponding expected profit. Three different cases can be identified depending on the emission limit L. We illustrate the impact of the two-sided control limit policy given with (16) by taking three Emission tax t offshore q onshore q total q expected profit offshore q onshore q total q expected profit (c) µ = 1000 and σ3 = 250
Figure 2: Offshore, onshore and total order quantity and expected profit depending on the emission tax t different emission limits (low, medium, high) for each demand scenario. The results for the dual sourcing model with emission trading in comparison to the basic dual souring model are summarized in Table 8 showing the optimal offshore order quantity and the resulting expected profit for each case. Varying the values of the prices for emission allowances, b and s, would change the lower and upper control limit whereby increasing values lead to decreasing limits, see (13) and (14). By comparing these results to the basic dual sourcing model without environmental regulations it can be seen that the offshore order quantity with emission trading is always lower than the offshore order quantity in the basic model. This is simply due to the fact that q L ≤ q * because additional cost parameters, i.e. the emission buying price b and the emission selling price s, are considered. The introduction of emission trading helps to limit the offshore order quantity to at least q s , i.e. the maximal offshore order quantity, irrespective of the emission limit L. This results in a reduction of transport carbon emissions of 3.3%, 10.5% or 18.6% for s = 1.2 and σ 1 , σ 2 and σ 3 , respectively. The maximal reduction of transport carbon emissions which can be achieved when q b is ordered is between 4.6% and 26.2% for b = 1.5 depending on the demand scenario. For low emission limits, the expected profit is reduced by 2.3% to 5.8% while for high emission limits, even a slight increase of the expected profit by 0.5% to 2.7% can be achieved.
Figures 3(a), 3(b) and 3(c) show how the profit curves develop in dependence on the offshore order quantity for the demand distribution with µ = 1000 and σ = 150 and the three cases of the emission limit L (low, medium, high), see also (12). The expected profit P L (q) is composed of the two curves P b (q) and P s (q) whereby depending on the emission limit different parts of the profit curves are realized. For low emission limits, i.e. L < q b , the expected profit P b (q) is generated while for high emission limits, i.e. L > q s , the expected profit P s (q) is realized. For medium emission limits, an offshore order quantity equal to L is ordered and the expected profit P (L) is generated, see also (15). It is not straightforward whether the introduction of emission trading increases or decreases the expected profit of the company compared to the basic dual sourcing model. Depending on the value of the emission limit L the impact can be positive or negative. It is intuitive that a higher emission limit L leads to a higher expected profit because either less emission allowances have to be bought or more emission allowances can be sold. In Figures 4(a) , 4(b) and 4(c) the off-and onshore order quantities as well as the expected profit depending on the emission limit L are presented. It can be seen that the expected profit increases with the emission limit L. For low and high emission limits the expected profit is a linear function with slope b and s, respectively, see also (8) and (9).
For policy-making it is of interest that q b is the minimal offshore order quantity from the company's perspective. Under emission trading the company never orders less than q b from the offshore supplier even when emission allowances have to be bought for that. Therefore, for policymaking it does not seem to be reasonable to set the emission limit L below q b . An emission limit L < q b would not help to reduce transport carbon emissions but would only lower the economic performance and competitiveness of the company.
The results for the dual sourcing model with an emission limit L = q b are summarized in Table 9 . The results are compared to the basic dual sourcing model and to the dual sourcing model including an emission tax. From the perspective of policy-making, by setting L = q b the maximal reduction of transport carbon emissions which is possible under an emission trading scheme is reached. Compared to the basic dual sourcing model the transport carbon emission are reduced by 4.6% to 26.2%. It seems that an emission limit L = q b is also compatible from the company perspective as it does not significantly reduce the economic performance; the expected profit is only reduced by 0.4%, 1.2% and 2.1% for σ 1 , σ 2 and σ 3 , respectively, compared to basic dual sourcing. Furthermore, if the company had to choose between a transport emission tax and emission trading the company would be much better off with an emission trading scheme for transport. Assuming an emission tax equal to the emission buying price, i.e. t = b = 1.5, the expected profit can be improved by 16.4%, 14.0% and 11.4% for σ 1 , σ 2 and σ 3 , respectively. By setting L = q b and varying the emission buying price b it turns out that the expected profit is less sensitive to increasing values of the emission buying price b. This means that the economic performance is less strongly harmed by an increasing emission buying price b. This is in contrast to the dual sourcing model with emission tax where the expected profit decreases nearly linearly with increasing emission tax t (see Figure 2) . The vertical lines represent the lower and upper control limit, see also Figure 4: Off-and onshore order quantity and expected profit depending on emission limit L 6 Implications for management and policy-making
Based on the analytical and numerical results, it can be concluded that by using a dual sourcing strategy instead of a single offshore sourcing strategy the negative environmental impact of transport can be reduced while the economic performance is improved. Dual sourcing becomes even more environmentally friendly if regulations for transport carbon emissions are included. The considered environmental regulations help to control the company's decision to some extent and the transport carbon emissions can be further reduced. However, the impact on the expected profit can be positive or negative depending on the regulatory measure and the policy parameters.
Implications for management
The introduction of an emission tax for the transport from the offshore supplier narrows the cost advantage of the offshore supplier and therefore induces the company to reduce its offshore order quantity compared to the basic dual sourcing model. Thereby, the transport carbon emissions can be further lowered which improves the environmental performance of the company. But at the same time the economic performance of the company is severely harmed and the expected profit falls below the value of the basic dual sourcing model. The expected profit in the dual sourcing model with emission tax is even lower than in the single offshore sourcing model (for an emission tax t = 1.5).
By implementing an emission trading system for transport the ordering decision of the company can also be guided to some extent. When considering a buying and a selling price for emission allowances with b ≥ s and L > 0 the optimal decision is given by a two-sided control-limit policy. Irrespective of the emission limit L, a reduction of the offshore order quantity and the related transport carbon emissions can always be achieved with the introduction of emission trading for transport compared to the basic dual sourcing model because q L ≤ q * . For medium to high emission limits, only a slight decrease of the expected profit has to be accepted compared to the basic dual sourcing model. Even an increase of the profit can be achieved when enough emission allowances can be sold due to a high emission limit. But the influence of emission trading on the ordering decision and thereby on the environmental improvement is limited. As the company never orders less than q b an emission limit below that value does not improve the environmental performance of the company. Setting the emission limit to L = q b seems to be compatible for the company with respect to economic and environmental performance; compared to the basic dual sourcing model the expected profit is almost the same but transport emissions are considerably reduced. In Table 9 , an emission reduction of 4.6% to 26.2% is shown. With an emission tax of t = b = 1.5 the same reduction of transport carbon emissions could be achieved. However, it has to be noted that the expected profit in the dual sourcing model with emission trading is considerably higher than in the dual sourcing model with emission tax. Compared to dual sourcing with an emission tax, the expected profit in the dual sourcing model with emission trading can be increased by 11.4% to 16.4%. This result indicates that emission trading is preferred to an emission tax from the company's perspective.
Implications for policy-making
From the perspective of policy-making, it can be concluded that the emission limit should be set to q b . Thereby the negative environmental impact of transport can be reduced and the company can still achieve a considerably high profit. Policy-makers have to be aware of the fact that the minimal offshore order quantity q b strongly depends on the demand distribution F and on the emission buying price b, see (13). Setting L = q b and using (13) results in the following relation between the emission limit L and the emission buying price b:
From that the basic relationship between the parameters can be seen: b decreases as L increases. Also, Hua et al. (2011) point out that the emission price could be modelled as a decreasing function of the emission cap, i.e. emission limit. For the offshore order quantity equal to L, (17) describes the difference between the expected onshore ordering costs d · (1 − F (L)) and the expected offshore ordering costs (c − z) · F (L). In newsvendor terminology it is the difference of the expected cost of understocking and the expected cost of overstocking for the basic dual sourcing model. Thus, the emission buying price b and the emission limit L should be fixed by considering the economic situation of the industry which is expressed by the offshore product cost c, the onshore product cost (c + d) and the market demand of the product reflected by the demand distribution F . If the policy parameters are fixed in the described manner, the economic and the environmental performance of the company can be balanced by achieving a high reduction of transport carbon emissions while a satisfying expected profit can be generated.
Conclusions
In our work we evaluate the economic and environmental sustainability of dual sourcing with an offshore and an onshore supplier. In addition to evaluating dual sourcing based on expected profit, we also consider transport carbon emissions which are directly related to the offshore order quantity. We model two different regulations which could be valid for the transport sector in the future. We assume firstly that a linear emission tax is imposed on transport from the offshore supplier and secondly that an emission trading scheme for transport activities is valid. Thus, emission allowances have to be bought if the transport activity is too high or can be sold if not all emission allowances are used. We show that dual sourcing helps to reduce transport emissions compared to a single offshore sourcing strategy. Furthermore, dual sourcing helps to improve economic performance measures, like expected profit and customer service. By including a linear emission tax on transport the onshore supplier is used to a larger extent and thereby the transport carbon emissions are further reduced. But as a negative side-effect the expected profit is lowered as well. But if emission trading is used instead of an emission tax, the offshore order quantity and the related transport emissions can be reduced while the economic performance measures are nearly not harmed.
Our work helps to gain insights into new trade-offs which arise if in addition to economic criteria also environmental ones are considered. It can provide decision support for individual companies on how much to order from a certain supply source. Furthermore, we model different regulation schemes and therefore, our model can also be used to derive implications for policy-making with respect of the design of environmental regulations. However, it has to be noted that our work can be seen as a step in a new and emerging field of research. Our work also provides a starting point for further research opportunities. It has been shown that the parameters of the regulations, i.e. the emission tax, the emission limit and the prices of the emission allowances, are critical values. So further research is needed about how these parameters can be reasonably set and how they influence each other. For instance, the prices for emission allowances are not set by policy makers but determined by the market as a function of the emission limit. So the emission prices could be modelled as a decreasing function of the emission limit or with the help of a probability distribution function reflecting the stochastic behaviour of the prices. Furthermore, new developments of emission trading, such as the auctioning of emission allowances, could be considered in further research.
